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ABSTRACT 
Diamond grinding is a widely used operation for smoothing cement concrete road 
surface, which can improve road riding quality and longevity. Concrete grinding residue 
(CGR) is a byproduct from diamond grinding. CGR deposited along roadsides can affect 
soil chemical properties, while studies of CGR influences on soil physical properties and 
plant growth are limited. This study focuses on CGR impacts on soil physical properties, 
including soil bulk density, saturated hydraulic conductivity, surface water infiltrability, 
and plant growth, including plant species, plant biomass, and seedling emergence. A 
preliminary roadside measurement, a greenhouse study and a controlled field experiment 
were performed. For the preliminary roadside measurements, soil physical properties and 
plant biomass measurements were made within CGR affected areas and non-CGR areas 
at two Minnesota highway roadside locations. For the greenhouse study, the seedling 
emergence rate and plant biomass of Indian grass, Canada wild-rye, Partridge pea and 
Wild bergamot were measured in a 60-day period, in pots with 0, 2.24, 4.48, 8.96 kg m
-2
 
CGR rates and two application methods, i.e., uniformly mixed with soil or directly 
applied on the soil surface. For the controlled field experiments, CGR with rates 0, 2.24, 
4.48, 8.96 kg m
-2
 was applied to replicated 4 m
2
 plots in an Iowa field, and soil physical 
properties and plant biomass were measured before, one month, seven months and twelve 
months after the CGR application; while plant identifications were performed before, ten 
months and twenty months after the CGR applications. CGR showed non-significant 
effects on soil physical properties in all of the experiments, except for one roadside 
location, where the soil bulk density values in the CGR affected areas were significantly 
larger than those in the non-CGR areas, and the saturated hydraulic conductivity values in 
x 
the CGR affected areas were significantly smaller than those in the non-CGR areas. CGR 
did not have significant effects on plant biomass, seedling emergence and plant species 
indices, such as richness, diversity and evenness. However, from the controlled field and 
greenhouse experiments, relatively small CGR rates tended to promote plant growth, 
while relatively large CGR rates tended to inhibit plant growth. In conclusion, CGR did 
not cause significant effects on soil physical properties and plant growth, and no local 
environmental risks were observed for CGR applications up to 8.96 kg m
-2
. 
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CHAPTER 1.    GENERAL INTRODUCTION 
Diamond grinding is a commonly used technique for cement concrete road-surface 
smoothing. The benefits of diamond grinding include improving vehicle riding quality, 
reducing road noise, enhancing surface texture and skid resistance, and extending road 
service life (Mosher, 1985; ACPA, 1990; DeFrain, 1989). Compared to traditional road 
maintenance techniques, diamond grinding is cost-effective and time-effective, with 
relatively small interruption to traffic (Pierce, 1995; McGovern, 1995; Rao et al., 1999). For 
diamond grinding, a thin layer of concrete is removed from the road surface by using closely 
spaced diamond saw blades, and a surface is produced with longitudinal texture at a pre-
specified level. Concrete particles from the saw blades mix with water to form slurry. The 
slurry is removed from the road surface by suctioning, and it is either deposited on adjacent 
roadside shoulder areas or accumulated in a disposal tank truck. The collected slurry, known 
as concrete grinding residue (CGR), has a relatively high pH and alkalinity (Goodwin and 
Roshek, 1992; Druschel et al., 2012). The potential risks of CGR to the adjacent roadside 
environments result in the various methods of CGR disposal allowed at different locations. In 
California, CGR is collected and transported to specific containment ponds (Caltrans, 2010). 
In Utah, CGR is reused as engineering materials (Goodwin and Roshek, 1992). However, in 
the US Midwest regions, direct deposition of CGR along roadsides is allowed, causing 
potential environmental risks to roadside soils, to plants growing along the road shoulders 
and to water in roadside ditches (Wingeyer et al., 2018; Druschel et al., 2012). Thus, directly 
investigating the influences of CGR applications on soils and vegetation through 
comprehensive in-situ and laboratory studies covering a range of soil and plant types can 
help to quantify the actual effects of CGR on roadside soils and vegetation. 
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Properties of Concrete Grinding Residue (CGR) 
Holmes and Narver (1997) analyzed the chemical properties of the CGR and the fresh 
water through the concrete grinding operation in Caltrans District 11, California. Water 
leached from CGR (i.e., Portland cement concrete) were considered to be of moderate to high 
toxicity, but the concrete residue showed no toxicity based on the 96-hour Acute Toxicity 
test. Volatile organic compounds in the solid phase and the liquid phase did not reach 
detection limits. However, semi-volatile compounds were detected in the liquid phase of the 
samples. The concentration of oil, grease and total petroleum hydrocarbon (TPH) in all of the 
samples were beyond the detection levels. The cation and anion concentrations of Al, Fe, 
SO4, NO3/NO2 exceeded the California Drinking Water Standard. 
DeSutter et al. (2011a) and DeSutter et al. (2011b) tested CGR samples obtained from 
several sites across the U.S., including I-10 near Los Angeles, CA; I-94 near Fergus Falls, 
MN; Highway 75 near Elkhorn-Bellevue, NE; I-82 in the state of Washington (WA) and I-69 
in the state of Michigan (MI). Solution phases and solid phases of the CGR samples were 
analyzed. The pH of the CGR slurry ranged from 11.6 to 12.5. As, Ba, Cd, Cr, Pb, Se and Ag 
concentrations were below the toxic limits in the solution phase. The concentration values of 
the toxic elements in the CGR solid phase were even smaller than the values reported for soil 
at the sample locations, indicating that CGR slurry was not the dominant source of 
containments of the soil. Polynuclear aromatic hydrocarbons (PAHs) were not detected in 
CGR.  
Wingeyer et al. (2018) reported that pH values of reconstituted CGR slurry were 
between 9 and 10. Effective calcium carbonate equivalent (ECCE) and K, Ca, Mg, Na were 
up to 28%. Heavy metals, such as Hg, As, Se, were either below the detection levels or the 
hazardous thresholds. Other researchers also reported similar results regarding the properties 
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of CGR. For example, Goodwin and Roshek (1992) reported the pH of CGR from multiple 
sources were within the range of 12.0 to 12.6. Yonge and Shanmugam (2005), who 
performed a soil neutralization experiment, reported that pH values of CGR obtained in 
Washington State ranged from 11.9 to 12.1 through CGR neutralization experiments, where 
CGR was titrated with certain amount of acid. Hanson et al. (2010) reported that pH values 
of their CGR samples obtained from LaFarge North America Inc. were between 10.2 and 
10.9. Druschel et al. (2012) investigated concrete wastewater and best management practices 
project using CGR obtained in Minnesota. The pH of a reconstituted CGR sample was 9.4, 
and the particle size characterization was silt-sized or finer. Chini and Mbwambo (1996) 
reported pH values in concrete wastewater samples as 11 to 12. Sulfates, hydroxides, 
chlorides, as well as small quantities of both hydrocarbons and admixture compounds were 
also found in the concrete wastewater. 
Soil and Plant Responses to CGR Applications 
In a study by Yonge and Shanmugam (2005), a long term (6 to 10 years) CGR slurry 
effect on soil pH was characterized.  The pH values of soil without CGR were between 6.3 
and 7.2; while the pH of soil with CGR increased by 1 to 2 units. The concentrations of Pb, 
Cu, Zn and Cd were measured at various soil depths, and there were no significant 
differences between the soil background values and in the CGR disposal areas. However, the 
concentrations of Mg and Ca were increased due to CGR application. 
Wingeyer et al. (2013) reported that four weeks after the application of CGR slurry 
(9.0 kg m−2), soil pH increased by 0.11 unit compared to the control sites and soil EC also 
increased. Compared to the control site, CGR site with 9.0 kg m−2 rate had a decrease in Mg 
and K in the 0-20 cm soil layer. Exchangeable Na levels in the 0-20 cm layer increased due 
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to CGR application. Exchangeable Ca increased in 0-10 cm layer compared to the control 
site. The botanical composition of treated plots was not affected by CGR.  
DeSutter et al. (2011a) studied the influence of CGR on soil water infiltration. The 
water infiltration rates for soil with CGR were larger than for soil without CGR. However, 
the differences in infiltration rates were not significant for the soil types investigated. 
DeSutter et al. (2011b) performed a three-month long greenhouse experiment to study soil 
and plant (Smooth brome) responses to CGR. The shoot growth was promoted for relatively 
low CGR rates, while it was inhibited for relatively high CGR rates. The metal 
concentrations in plant shoots, such as Ca, Mg, K, Na, Cr, Pb, Sr, were influenced by the soil, 
CGR source, CGR application rate and the two-way interactions. The pH of with soil with 
CGR was greater than that for soil without CGR, while electrical conductivity (EC) was 
increased significantly only for relatively high CGR application rates. The concentration of 
non-trace metals and trace metals were also significantly influenced by soil type, CGR 
source, CGR rate and the two-way interactions based on the type of metals. 
Wingeyer et al. (2018) studied both short term (1 month) and long term (1 year) 
effects of CGR on soil chemical properties and the biomass of the plant cover. Two research 
sites were included, i.e., NE State HWY 31 MM36 and NE State HWY 31 MM 34. CGR 
rates (0, 1.1, 2.2, 4.5 and 9.0 kg m−2), soil depth (0-7.5, 7.5-15 and 15-30 cm) and soil 
surface slope (12.5%, 21.3%) were the three factors considered in the study. CGR rates, 
surface slope, soil depth and CGR-depth interaction were the most important factors 
affecting the soil pH, EC, K, Ca, Mg and Na at one month after CGR applications. After a 
one-year period, CGR effects were not significant. The runoff total volume, runoff fraction, 
pH, EC, total suspended solids (TSS) were not affected by the CGR applications. 
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Aboveground biomass at the two sites was measured at one month and one year. For NE 
State HWY 31 MM 36, the differences of biomass between seeded and non-seeded species 
was enlarged one year after the CGR applications, though not significant. The CGR-slope 
interaction had significant effects on the biomass of seeded species after one month and one 
year. At Nebraska State HWY 31 MM 34, the one-month biomass response to the CGR 
applications was not significant. 
Best Management Practice of CGR Applications 
CGR from diamond grinding can be highly alkaline, and carry silica, cadmium and 
other pollutants to soil and nearby water bodies. Thus, developing a best management 
practice for handling CGR in important. CGR slurry application rates are currently regulated 
by states. In Nebraska, the disposal of CGR slurry must meet the National Pollutant 
Discharge Elimination System (NPDES) permit (NDEQ, 2010; Wingeyer et al., 2018), which 
estimates the application limit based on how the CGR affects the soil pH and EC. Another 
kind of restriction is used in California, where CGR must be collected and transported for 
disposal at a specific location, such as a containment pond (California DOT, 2010). Besides 
the effort in limiting the application rates, there are sophisticated ways to control the 
influences of CGR on roadside soils, water and plants. For example, Young and Shanmugam 
(2005) recommended the use of Washington State University Compost or EKO to neutralize 
the pH of CGR before applying it to soil. Plant belt, which could block the CGR 
transportation with water in fields, is another way to control storm water runoff from land 
with CGR (Druschel et al., 2012). In Minnesota, the disposal of CGR along the roadside is 
regulated by the Minnesota Pollution Control Agency (MPCA, 2012). Along the roadsides in 
rural places, CGR can be spread evenly to the in-slope sides of vegetated areas, at least 1 foot 
from the shoulder of the road. The hydrological connections between deposited CGR and the 
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outer areas should be minimized, and wetlands or other sensitive areas should be avoided 
when deposing CGR.   
A better understanding of the CGR potential impacts on soils and plants may indicate 
preemptive amendments for soil and plant. Previous studies mostly focus on the chemical 
impacts of CGR on soils. There is a need to further investigate the influences of CGR on soil 
physical properties and plant growth. 
Objectives 
The objective of this thesis is to investigate CGR effects on soil physical properties 
(bulk density, saturated hydraulic conductivity and surface water infiltrability) and plant 
properties (plant species distribution, emergence and aboveground biomass) via preliminary 
roadside, greenhouse and controlled field experiments. 
The structure of this thesis is now described. Chapter 1 provides a general 
introduction with a literature review and background information on CGR as well as the 
overall objective of this thesis. Chapter 2 describes a preliminary study of Minnesota 
roadsides where measurements were performed to determine CGR impacts on soil bulk 
density, saturated hydraulic conductivity and soil surface infiltration and aboveground plant 
biomass in CGR affected areas and non-CGR affected areas. Chapter 3 describes a 60-day 
greenhouse study which was performed to determine CGR effects on seedling emergence 
rate and aboveground biomass of Indian grass, Canada wild-rye, Partridge pea and Wild 
bergamot. Chapter 4 describes a controlled field experiment that was performed to determine 
the impacts of CGR on soil bulk density, saturated hydraulic conductivity and water 
infiltrability, aboveground plant biomass, and plant species coverage. A general conclusion 
and potential topics for future studies are included in Chapter 5. 
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CHAPTER 2.    PRELIMINARY STUDY OF CONCRETE GRINDING RESIDUE 
EFFECTS ON SOIL PROPERTIES AND PLANT GROWTH ALONG SELECTED 
MINNESOTA HIGHWAY ROADSIDES 
Chenyi Luo, Zhuangji Wang, Yang Zhang, Bo Yang, Sunghwan Kim, Bora Cetin,  
Halil Ceylan, Robert Horton 
A paper to be submitted to Agricultural & Environmental Letters 
Abstract 
Concrete grinding residue (CGR), a mixture of water and concrete particles, is a 
byproduct of diamond grinding operation on concrete pavement surfaces. There are limited 
studies of CGR effects on soil physical properties and plant growth. Thus, the objectives of 
this study are to perform highway roadside experiments to (1) measure CGR impacts on soil 
bulk density (𝜌𝑏), saturated hydraulic conductivity (𝐾𝑠) and soil surface infiltration (𝐼𝑡); and 
(2) measure the aboveground plant biomass in CGR affected areas and non-CGR affected 
areas. The measurements were made in 2016 at two I-90 interstate roadside areas, Site 1 and 
Site 2, in Minnesota. CGR was applied in 2009 and 2013 at Site 1 and Site 2, respectively. 
Pairwise t-test and analysis of variance (ANOVA) were used for data analysis. No significant 
influences were detected, except for the 𝜌𝑏 and 𝐾𝑠 at Site 2, where the 𝜌𝑏 values in the CGR 
affected area were 4% to 8% larger than the 𝜌𝑏 values in the non-CGR area; and 𝐾𝑠 values in 
the non-CGR area were about 50% larger than 𝐾𝑠 values in the CGR affected area. Soil 
infiltration and plant biomass in the CGR affected area and the non-CGR area did not differ 
significantly. In summary, CGR presented mixed impact on soil properties and no significant 
influence on roadside plant. In general, CGR does not induce serious environmental risks 
along these roadsides, but determining the impact of CGR on roadside soil properties and 
plant growth at additional locations is recommended. 
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Introduction 
Diamond grinding is a widely used concrete pavement smoothing technique 
(Shreenath et al., 1999); which has a byproduct known as concrete grinding residue (CGR), a 
slurry-type material consisting of concrete particles and cooling water (Goodwin and Roshek, 
1992; Druschel et al., 2012). Several states in the Midwest U.S. allow direct deposition of 
CGR along roadsides (Wingeyer et al., 2018; Druschel et al., 2012). Therefore, it is important 
to assess CGR effects on roadside soils and plants to determine potential environmental risks 
induced by CGR applications. 
The chemical properties of CGR and its effects on soil have been reported. CGR pH 
values ranged from 9.0 to 12.5, while effective calcium carbonate equivalent values were as 
large as 28.1%. Deposition of CGR was reported to increase the surface soil pH by 1.2 to 2.5 
units (DeSutter et al., 2011a; Youge and Shanmugam, 2005; Hanson et al., 2010). CGR also 
elevated the concentrations of macronutrients in soil, such as K, Na, Mg and Ca (Wingeyer et 
al., 2018), but it had negligible hazardous effects regarding inorganic toxic elements (As, Ba, 
Cd, Cr, Hg, Pb etc.) and organic toxic components (benzene, toluene, ethylbenzene, xylene 
and polynuclear aromatic hydrocarbons). Only the concentrations of Al, Fe, SO4, and 
NO3/NO2 in CGR affected soil were reported to be larger than the California drinking water 
standards (Caltrans, 1997).  
In additional to the chemical impacts, CGR depositions may influence soil physical 
properties along highway roadsides. Surface deposited CGR can migrate into soil pores and 
potentially alter soil hydraulic properties. For instance, DeSutter et al. (2011a) reported that 
when CGR was artificially mixed with soil, the soil hydraulic conductivity increased. 
Wingeyer et al. (2018) reported that depositions of CGR up to 90 dry Mg ha−1 on roadside 
soil did not impact surface runoff quantity, hence infiltrability, in response to a simulated 
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rainfall. For a controlled field study, Luo et al. (2019) reported that CGR did not significantly 
alter soil infiltrability and saturated hydraulic conductivity; however, as CGR rates increased, 
there as a decreasing trend in saturated hydraulic conductivity values. Because reported CGR 
impacts on soil physical properties performed in laboratories, roadsides and controlled fields 
are not always consistent, and the data from roadside measurements are limited, it is 
important to further study CGR effects on soil physical properties along roadsides. 
Because CGR can alter soil physical and chemical properties, CGR applications may 
impact plants growing along the roadsides. Wingeyer et al. (2018) reported that CGR 
deposition displayed non-significant effects on seeded (tall fescue) or non-seeded (mostly 
Kentucky bluegrass and smooth bromegrass) species on a roadside soil in Nebraska. 
DeSutter et al. (2011b) reported that a relatively small CGR rate, i.e., 8% based on the dry 
soil weight, significantly promoted plant growth; while a relatively large CGR rate, i.e., 25%, 
inhibited plant growth based on a greenhouse experiment. Luo et al. (2019) reported a pattern 
similar to the one in DeSutter et al. (2011b) from a controlled field experiment; however, the 
differences among biomass values under multiple CGR rates were not statistically 
significant. Few studies have investigated CGR impacts on plant growth, so further 
investigation is needed.  
The objectives of this study are to perform highway roadside experiments to (1) 
measure the effects of CGR on selected soil physical properties, including soil bulk density 
(𝜌𝑏), saturated hydraulic conductivity (𝐾𝑠) and soil surface infiltrability (𝐼𝑡); and (2) 
determine the aboveground plant biomass along selected roadsides in CGR affected areas and 
non-CGR areas. 
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Methods and Materials 
Two experimental sites were selected for the soil and plant measurements along 
Highway I-90 roadsides. Site 1 was located near Austin, Minnesota, and it received CGR 
deposition in 2009; while Site 2 was located near Exit 193, east of Austin, Minnesota, and it 
received CGR in 2013. Soil and plant measurements at both sites were performed in 
November, 2016, along the backslope of the roadside. Soil at Site 1 consisted of 62% sand, 
25% silt and 13% clay, while soil at Site 2 consisted of 51% sand, 31% silt and 18 % clay. 
Figure 2.1 presents the detailed measurement design layout for each site. Each site was 
divided into three blocks, and within each block, measurements were made in a CGR 
affected area, points 𝐴𝑖  (𝑖 = 1,2,3), 1.5 m from the road, and in a non-CGR area, points 
𝐵𝑖 (𝑖 = 1,2,3), 3.0 m from the road. Measurement locations were selected to enable pairwise 
comparisons of CGR and non-CGR areas within each block, i.e., for each 𝑖 = 1,2,3. The 
distance between the adjacent blocks was about 40 m.  
 
Figure 2.1 The measurement locations for roadside experiments; the index of each sampling 
point, with associated block is presented. There are 3 blocks and 6 points in this 
experimental design for each site. 
 
Undisturbed surface soil samples at each measurement point were obtained with 7.62 
cm diameter by 7.62 cm long aluminum rings. The undisturbed soil cores were used for 𝜌𝑏 
13 
and 𝐾𝑠 measurements. Soil samples were transported to the laboratory and saturated in a 
vacuum chamber with 5 mmol L−1 CaCl2 solution. Samples with or without CGR were 
saturated separately. After saturation, approximately 3 cm of ponded CaCl2 solution was 
applied and maintained on the upper column surface with a Marriott bottle. 𝐾𝑠 values were 
calculated from the water outflow rates based on Darcy’s equation. After determining 𝐾𝑠, soil 
samples were transferred to weighing cans and oven-dried at 105 ℃ until constant mass to 
calculate 𝜌𝑏. A Cornell Sprinkle Infiltrometer with a 24.1 cm diameter infiltration ring was 
used to measure the soil water infiltration at the two experimental sites under simulated 
rainfall (van Es, 1993; Ogden et al., 1997). At each sampling location identified in Fig. 2.1, 
an infiltration ring was pushed vertically into the soil to a 7.5 cm depth. Plant residue within 
the infiltration ring was not removed prior to the measurements, such that the results 
represented the infiltration into natural surfaces. A plastic tube was connected to a hole in the 
infiltration ring at the level of the soil surface to collect the runoff. For each measurement, 
the simulated rainfall rate was set as 0.015 cm s−1, and the runoff rates were used to 
calculate 𝐼𝑡. For the aboveground plant biomass measurements, a 20 cm by 50 cm quadrat 
was selected near each sampling location, and the aboveground part of the green vegetation 
was clipped and stored in paper bags. Plant residue from previous years was not included in 
the measurement. The samples were oven-dried at 65 ℃ for four days (García et al., 1993) to 
obtain the oven-dried biomass.  
Pairwise t-test and ANOVA models were used for data analysis using the R statistics 
software package. Because 𝐾𝑠 and 𝐼𝑡 follow lognormal distributions (Jabro, 1992; Kosugi, 
1996; Smith and Hebbert, 1979), a natural log transformation was applied to the data before 
performing statistical analyses. 
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Result and Discussion 
   
Figure 2.2 Soil sampled obtained from roadside experimental sites. 
 
Figure 2.2 presents several soil samples obtained from the roadside experimental 
sites. Samples in the upper row represent soil in CGR affected areas, where the white 
coloring indicates the presence of CGR in the soil. Samples in the lower row lack white 
coloring, which is representative of soil in the non-CGR areas.  
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Table 2.1 Results of roadside measurements 
 
Block 
Slope  
(deg.) 
𝜌𝑏 (g cm
−3)   𝐾𝑠 (cm s
−1)   𝐼𝑡 (cm s
−1)   Biomass (g m-2) 
CGR 
Non-
CGR   CGR 
Non-
CGR   CGR 
Non-
CGR   CGR 
Non-
CGR 
Site 
1 
  
1 16 1.40 1.36 
 
0.00104 0.00568 
 
0.00399 0.00281 
 
420 538 
2 18 1.27 1.32 
 
0.03712 0.03674 
 
0.00500 0.00432 
 
567 341 
3 16 1.17 1.14   0.01541 0.01102   0.00272 0.00457   595 740 
Site 
2 
  
1 11 1.29 1.24 
 
0.02652 0.03841 
 
0.00062 0.00174 
 
233 343 
2 12 1.33 1.23 
 
0.01518 0.04592 
 
0.00250 0.00139 
 
235 354 
3 11 1.33 1.23   0.02589 0.03628   0.00091 0.00014   235 237 
 
Table 2.1 presents the results of the roadside measurements, and the pairwise t-test 
results are presented in Table 2.2. Significant CGR effects only occurred on 𝜌𝑏 and 𝐾𝑠 at Site 
2, where 𝜌𝑏 in the CGR affected area was larger than 𝜌𝑏 in the non-CGR area, and 𝐾𝑠 in the 
CGR affected area was smaller than 𝐾𝑠 in the non-CGR area. However, at Site 1, no 
significant differences on 𝜌𝑏 and 𝐾𝑠 were observed. The effect of CGR on 𝐼𝑡 was not 
significant at either site. Moreover, the 𝐼𝑡 values in the CGR affected areas were not smaller 
than the values in the non-CGR areas. In addition to the CGR effects, the surface slopes 
along the roadsides also encouraged surface runoff and reduced the infiltration rates. 
Although the pairwise t-test showed no significant differences in plant biomass between the 
CGR affected areas and non-CGR areas, the plant biomass values in the non-CGR areas 
tended to be about 20-50% larger than the values in the CGR affected areas at several of the 
measurement locations. This implied that CGR tended to reduce the plant biomass. It was 
possible that such a potential effect was from CGR impacts on soil physical properties. CGR 
impacts on soil chemical properties, such as pH, EC, ECCE and the concentrations of soil 
cations and anions, have been expected to diminish over time (Wingeyer et al., 2018), but 
CGR impacts on soil physical properties may remain for several years.  
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Table 2.2 Results of roadside measurements 
Item 
p-value (CGR) 
Site 1  Site 2 
𝜌𝑏 (g cm
−3) 0.93 0.0056** 
𝐾𝑠 (cm s
−1) 0.55 0.024* 
𝐼𝑡 (cm s
−1) 0.98 0.75 
Biomass (g m
-2
) 0.91 0.18 
 
The samples obtained from the non-CGR area at Site 2 had 𝐾𝑠 values 50-200% larger 
than the 𝐾𝑠 values from the CGR affected area. The 𝜌𝑏 values in the non-CGR area were 
4~8% less than the 𝜌𝑏 values in the CGR area. Previous studies suggested that the interaction 
between land surface slope and CGR may influence measured values (Wingeyer et al., 2018). 
Thus, an ANOVA analysis including CGR, surface slope and their interaction is performed 
with the following linear model to provide a further analysis of 𝜌𝑏 and 𝐾𝑠 
𝑦 = 𝑇𝑟 + 𝑆𝑙 + 𝑇𝑟 × 𝑆𝑙 + 𝐵𝑙 + 𝜀 
(2.1) 
𝑇𝑟 represents the CGR effects; 𝑆𝑙 is the slope; 𝐵𝑙 is the (random) block effect; 𝜀 is the random 
error; 𝑇𝑟 × 𝑆𝑙 is the interaction. If the 𝐵𝑙 and 𝑆𝑙 are fixed in Eq. (2.1), the variance 
contributed by 𝑇𝑟 is essentially the CGR effects. Thus, this ANOVA model is consistent with 
the pairwise t-test. The ANOVA results are shown in Table 2.3. From the ANOVA results, 
CGR is the significant factor that influences 𝜌𝑏 and 𝐾𝑠; while no significant effect from the 
slope or the interaction is observed. Pore blocking due to CGR may be the reason for the 
increases in 𝜌𝑏 and the decreases in 𝐾𝑠. 
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Table 2.3 The ANOVA results of the roadside experiment 
Location Item 
  p-value 
  CGR Slope CGR×Slope 
Site 2 
𝜌𝑏 (g cm
−3) 
 
0.019* 0.93 0.69 
𝐾𝑠 (cm s
−1) 
 
0.006** 0.45 0.059 
 
Summary 
A roadside experiment was performed to investigate the long-term effects of concrete 
grinding residue (CGR) slurry on soil physical properties and plant growth. The 
measurements were made on two roadside locations along interstate highway I-90 in 
Minnesota. Soil bulk density (𝜌𝑏), saturated hydraulic conductivity (𝐾𝑠), soil water 
infiltrability (𝐼𝑡) and aboveground plant biomass were measured. The pairwise t-test results 
indicated that CGR significantly impacted the 𝜌𝑏 and 𝐾𝑠 values at Site 2, and results of 
ANOVA tests indicated that CGR was the main factor for the differences in 𝜌𝑏 and 𝐾𝑠 
values. There was no significant difference in 𝐼𝑡 between the CGR affected areas and the 
non-CGR areas. The plant biomass values for the CGR affected areas tended to be smaller 
than the values at the non-CGR areas, but the differences were not statistically significant. In 
conclusion, CGR applications had mixed impacts on soil physical properties and no 
significant impact on plant growth. The results did not indicate that CGR induced 
environmental risks along the roadsides in general, but determining the impact of CGR on 
roadside soil properties and plant growth at additional locations is recommended. 
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CHAPTER 3.    A GREENHOUSE STUDY OF CONCRETE GRINDING RESIDUE 
INFLUENCES ON PLANT GROWTH 
Chenyi Luo, Zhuangji Wang, Bora Cetin, Halil Ceylan, Robert Horton 
A paper to be submitted to Soil & Plant 
Abstract 
Concrete grinding residue (CGR) is a byproduct of diamond grinding, which is a road 
surface smoothing technique. Although direct deposition of CGR along roadsides may 
influence plant growth, it is difficult to quantify plant responses to CGR applications under 
natural field conditions due to topographical and climate variations. There are limited studies 
of CGR on plant growth under controlled, greenhouse environments. Thus, in this study, a 
60-day greenhouse experiment is performed to determine CGR effects on seedling 
emergence and aboveground biomass for Indian grass, Canada wild-rye, Partridge pea and 
Wild bergamot. Two soils, loam and sandy loam are used, and CGR is applied at 4 rates, i.e., 
0, 2.24, 4.48 and 8.96 kg m−2. The CGR is either uniformly mixed with the soil or applied on 
the soil surface. Based on an ANOVA analysis, the CGR rate, application method, plant 
species and their two-way interactions indicate some significant influences on plant 
emergence and biomass; however, the significant factors differ with respect to soil texture. 
The use of multiple comparison statistics indicate that plant species is the major factor that 
impacts the emergence and biomass. A relatively small CGR application tends to promote 
emergence and biomass, and a relatively large CGR application tends to reduce emergence 
and biomass, although differences are not statistically significant. In conclusion, the four 
selected plant species emerged and grew normally for all of the treatments, indicating that 
CGR has a non-significant effect on plant growth. 
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Introduction 
Diamond grinding is commonly used for concrete road surface maintenance, which 
improves the vehicle riding quality, reduces road noise, enhances skid resistance and extends 
road lifespan (Mosher, 1985; ACPA, 1990; DeFrain, 1989). Concrete grinding residue 
(CGR) is a slurry-type byproduct of diamond grinding majorly containing silt particles and 
water (Goodwin and Roshek, 1992; Druschel et al., 2012). CGR waste treatment standards 
vary among states. For instance, California requires the collection and transportation of CGR 
to specific containment pools, while Utah allows of partially reuse CGR for road or building 
construction (Caltrans, 2010; Goodwin and Roshek, 1992). However, direct deposition of 
CGR along roadsides is common in the U.S. Midwest region, which may result in 
environmental risks to soils and plants along roadsides (Wingeyer et al., 2018; Druschel et 
al., 2012). 
Previous research focused on CGR and its effects on soil chemical and physical 
properties. Caltrans (1997) and DeSutter et al. (2011a) reported a comprehensive 
investigation of the chemical composition of CGR, including the inorganic toxic elements, 
such as As, Ba, Cd, Cr, Hg, Pb etc., and organic toxic components, e.g., benzene, toluene, 
ethylbenzene, xylene and polynuclear aromatic hydrocarbons. They illustrated that CGR 
displayed limited or no hazardous characteristics. DeSutter et al. (2011a) and Yonge and 
Shanmugam (2005) reported that the pH values of CGR were as high as 12, and the CGR 
deposition elevated the soil pH by 1.2 to 2.0 units. DeSutter et al. (2011a) reported an 
increase in saturated hydraulic conductivity due to CGR applications on laboratory soil 
samples. Luo et al. (2019a) conducted a one-year controlled field experiment with a range of 
CGR deposition rates, but no significant CGR effects were found on soil bulk density, 
saturated hydraulic conductivity and soil infiltrability. Luo et al. (2019b) performed a 
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roadside study and reported a decrease in saturated hydraulic conductivity and an increase in 
soil bulk density due to CGR applications at one of two research sites. 
 CGR may influence plant growth. In a greenhouse study, DeSutter et al. (2011b) 
found that early stage smooth brome biomass was significantly promoted by a small 
application of CGR (8% of soil mass), and significantly decreased by a large CGR 
application (25% of soil mass). However, in field studies, Luo et al. (2019a) and Wingeyer et 
al. (2018) reported non-significant CGR influences on aboveground biomass of mixed plant 
species. Under natural field conditions, plant growth can be highly affected by weather 
conditions, which mask CGR effects (Wingeyer et al., 2018; Luo et al., 2019a). Thus, it is 
hard to investigate quantitatively CGR influences on plant growth only through field 
experiments. Although greenhouse studies are an effective method to characterize plant 
responses to CGR applications in a relatively controlled environment, only a limited number 
of plant species have been studied. Moreover, seedling emergences, which can reflect the 
plant responses to CGR, are not reported in greenhouse studies. In addition, the plant 
communities along roadside usually include multiple plant species (Wingeyer et al., 2018; 
Ament et al., 2017). Thus, further greenhouse studies with a wide variety of plant species, 
including seedling emergence measurements, are needed.  
The objective of this study is to perform a greenhouse experiment to determine CGR 
effects on seedling emergence rate and aboveground biomass of plant species representing 
four plant categories, warm-season grass, cool-season grass, leguminous forb and non-
leguminous forb. 
Materials and Methods 
The greenhouse experiment was performed at the Agronomy Greenhouse located on 
Iowa State University at Ames, IA, USA. Surface layer samples were obtained from soil 
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mapped as Nicollet sandy clay loam (Fine-loamy, mixed, superactive, mesic Aquic 
Hapludoll) and Hanlon fine sandy loam (Coarse-loamy, mixed, superactive, mesic Cumulic 
Hapludoll). The loam consisted 33% sand, 41% silt and 26% clay; while the sandy loam 74% 
sand, 17% silt and 9% clay. The soil samples were air-dried, crushed and passed through a 
0.002 m sieve. Indian grass (Sorghastrum nutans), Canada wild-rye (Elymus canadensis), 
Partridge pea (Chamaecrista fasciculate) and Wild bergamot (Monarda fistulosa) were the 4 
plant species selected for this study, because (1) they were plant species formed along 
roadsides; (2) each of them represented a plant functional group, i.e., warm-season grass, 
cool-season grass, leguminous forb and non-leguminous forb, respectively; and (3) the 
responses of these 4 species to CGR have not yet been fully studied. The plant seeds used in 
this study were independently tested via a germination experiment under optimal conditions 
at the Iowa State University Seed Science Center. The results indicated that Indian grass, 
Canada wild-rye, Partridge pea and Wild bergamot had germination rates of 36%, 96%, 28% 
and 16%, respectively.  
The CGR slurry used in this study was obtained from a diamond grinding project 
located at 6078-6216 McAndrews Road, in Apple Valley, MN. The gravimetric water 
content (θm) of the CGR slurry was 0.54 g g
−1. Particle size distribution analysis indicated 
that the CGR solid consisted of 39% sand, 53% silt and 8% clay. CGR was added to soil at 
four rates: A = 0  kg m−2, B = 2.24 kg m−2, C = 4.48 kg m−2 and D = 8.96 kg m−2, based on 
the dry mass of CGR. CGR was added to soil with two methods, i.e., uniformly mixed with 
the soil (MIX) or applied directly to the soil surface (TOP).  
The greenhouse experiment was performed with 10 cm diameter by 10 cm height 
plastic pots. For the MIX treatments, air-dried soil and CGR slurry were mixed by hand. 
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Distilled water was added to the CGR-soil mixture, such that the initial volumetric water 
content of the CGR-soil mix was the same for all of the CGR rates. In each pot, the dry mass 
of the CGR-soil mixture was 500 g. After watering the CGR-soil mixture in each pot to field 
capacity (watering each pot until water drains from the bottom), 25 seeds were planted 
uniformly within each pot. For Wild bergamot, the sowing depth was approximately 0.5 cm, 
while for the other 3 species, the planting depth was about 1 cm. For the TOP treatments, air-
dried soil was directly placed into the pots, such that the mass values were equal to the mass 
of the soil portion in the MIX treatments with corresponding CGR rates. Then, distilled water 
was added to the soil in each pot to field capacity. Twenty-five seeds per pot were planted 
before CGR application, and CGR was placed uniformly on the soil surface at the specific 
rates. 
After planting, the pots were placed in the greenhouse for 60 days, and seedling 
emergence was recorded daily. During the experimental period, the temperature of the 
greenhouse was controlled at 22℃ during the daytime and 18℃ during the nighttime. Only 
natural solar radiation was included. Pots were watered daily to replace water lost by 
evaporation. Six days after planting, the aboveground vegetation was clipped and oven-dried 
in paper bags at 65 ℃ for four days (García et al., 1993) to obtain the plant biomass. 
After harvesting plant biomass, pH and EC were measured on soil in each pot. For 
MIX treatments, one soil sample was prepared for each pot by grounded and passing the soil 
through a 0.002 m sieve. For TOP treatment pots, soil in each pot was split into two layers. 
Samples from the upper soil layer (TOP-UL, containing most of the applied CGR) and from 
the lower soil layer (TOP-LL) were also grounded and sieved. 10 g of soil from each sample 
was mixed with distilled water at 1:1 ratio, stirred and allow settling for 30 minutes. The pH 
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and EC values were measured in the supernatants with a HI-4522 pH/EC meter (Hanna 
Instruments).  
Analysis of variance (ANOVA) models were used to process the results and 
determine whether the CGR slurry applications significantly influenced seedling emergence 
and plant biomass. The following linear model was selected, 
                      𝑦 = 𝜇 + 𝑃 + 𝑅 + 𝐴 + 𝑃 × 𝑅 + 𝐴 × 𝑅                             (3.1) 
In Eq. (3.1), 𝜇 represented the intercept value; 𝑃 represented the plant species; 𝑅 
represented the CGR rates; and 𝐴 represented the application method. Multiple comparisons 
of mean were also used to investigate the responses of seedling emergence, plant biomass, 
soil pH and soil EC to individual factors, i.e., 𝑃, 𝑅 and 𝐴. The ANOVA and multiple 
comparisons were processed via an R software package. 
Results and Discussion 
Seedling Emergence and Biomass 
Table 3.1 ANOVA analysis of seedling emergence and plant biomass 
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Table 3.1 presents the ANOVA analysis with Eq. (1) for seedling emergence and 
plant biomass. The emergence and biomass values of Canada wild-rye in MIX, 0 kg m−2 
CGR treatment are used as the reference levels, i.e., the interception 𝜇 in Eq. (1). For the 
loam, the emergence rates are significantly affected by the CGR rates, as well as the 
interactions between CGR and plant species. The main factors of plant species, application 
methods, as well as the interactions between application method and 4.48 kg m−2 and 8.96 
kg m−2 CGR rates, do not show any impacts on the emergence and biomass results for the 
loam soil. For the sandy loam, the plant emergence and biomass are not sensitive to CGR 
rates. However, the plant species had significant impacts on the emergence and biomass 
values. For example, the Wild bergamot tends to have emergence rates and biomass values 
significantly different from the other species. The interactions between CGR rates and plant 
species significantly influenced the seedling emergence. The application methods in the 
sandy loam have significant effects on seedling emergence and the interactions between CGR 
and application methods are also significant for 2.24 kg m−2 and 4.48 kg m−2 CGR rates. In 
order to investigate the effects of individual CGR rates for each species, multiple 
comparisons were performed as follow.   
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Table 3.2 Multiple comparison results of seedling emergence rate (loam), the mean and 
relative mean emergency rates are also compared. 
 
Table 3.2 Multiple comparison results of 60-day biomass (loam) 
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Tables 3.2 and 3.3 present the multiple comparisons of 60-day seedling emergence 
and biomass respectively for the loam soil. For seedling emergence, besides Canada wild-rye 
in MIX and TOP treatments and the Partridge Pea in TOP treatments, CGR rates do not 
induce significant impacts. Based on the data, relatively large emergence values usually 
occur at 2.24 kg m−2 and 4.48 kg m−2 CGR treatments among the 4 plant species, indicating 
that medium amounts of CGR may promote emergence, which coincides with the DeSutter et 
al. (2011) results. The multiple comparisons of averaged emergence rates with respect to 
CGR rates, shown as (E0) in Table 3.2, indicate that plant species induces significant 
influences on seedling emergence. In order to investigate the plant response to the CGR 
applications, the averaged emergence rates (E0) were normalized by the germination rate 
(G0). The multiple comparisons of the normalized emergence rate (E0/G0) show no 
significant differences among the plant species, which implies that plant species responds to 
the CGR applications in a similar way, so plant species is the critical factor for the 
differences in the emergence rates. For the 60-day biomass shown in Table 3.3, the multiple 
comparison results indicate that for each plant species, no significant differences induced by 
CGR applications is detected, and the 60-day biomass values also vary due to the plant 
species based on the multiple comparison of the biomass mean values. The multiple 
comparisons in the loam contradict the ANOVA results, where CGR application is the 
critical factor. Such inconsistent results may be due to the fine soil texture and higher water 
stress of seed germination stage in the loam which is a relatively fine texture soil. The 
influences from the soil type may lead to some numerical errors in ANOVA and multiple 
comparison procedures.   
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Table 3.3 Multiple comparison results of seedling emergence rate (sandy loam), the mean 
and relative mean emergency rates are also compared. 
 
Table 3.4 Multiple comparison results of 60-day biomass (sandy loam) 
 
30 
Tables 3.4 and 3.5 present the multiple comparisons of 60-day seedling emergence 
and biomass respectively for the sandy loam soil. The seedling emergence results in Table 
3.4 match the ANOVA results in Table 3.1, where CGR applications only induce significant 
impacts on Canada wild-rye in both MIX and TOP treatments, and Indian grass in MIX 
treatments. For those three treatments, the 2.24 kg m−2 and 4.48 kg m−2 CGR rates tends to 
promote the emergence rates, while the highest CGR rate of 8.96 kg m−2 tends to inhibit the 
seedling emergence. The multiple comparisons of the averaged emergence rate (E0) and the 
relative average emergence rate (E0/G0) present similar patterns have been shown in Table 
3.2, where the differences among the plant species are the major factors causing the 
differences in the average emergence rate (E0). Table 3.5 also indicates that CGR has non-
significant effects on the 60-day biomass values, with the only exception occurring in the 
Wild bergamot for the TOP treatment. Possible reasons are Wild bergamot has the lowest 
smallest germination rates among the 4 plant species, and the seedling size is relatively small, 
making the emergence under CGR application even harder. Especially for 4.48 and 8.96 
kg m−2 CGR rates, the emergence rate and biomass reduced to 0 for the TOP treatment. 
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Figure 3.1  The comparisons of seedling emergence rate with respect to CGR application 
rates and application methods (TOP or MIX) among four plant species in loam. 
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Figure 3.2  The comparisons of seedling emergence rate with respect to CGR application 
rates and application methods (TOP or MIX) among four plant species in sandy loam. 
 
33 
 
Figure 3.3  The comparisons of 60-day biomass with respect to CGR application rates and 
application methods (TOP or MIX) among four plant species in loam. 
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Figure 3.4  The comparisons of 60-day biomass with respect to CGR application rates and 
application methods (TOP or MIX) among four plant species in sandy loam. 
 
The effects of application methods can be expressed with boxplots. Figures 3.1 to 3.4 
show a comparison of seedling emergence and 60-day plant biomass between application 
methods for both soil textures.  In the boxplots, the center line within each box represents the 
median value, while the pink diamond represents the mean value. The top and bottom edges 
of the box correspond to the 25%
 
and 75% percentiles, and the whiskers extend from the top 
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and bottom edges to extreme values no further than 1.5 times the distance between 25% and 
75% percentiles. The values beyond the whiskers are considered as outliers. 
The 60-day emergence results are shown in Figs. 3.1 and 3.2. For 2.24 kg m−2 and 
4.48 kg m−2 CGR rates, relatively large emergence values can be achieved. For most of the 
TOP treatments, the seedling emergence rates follow an increasing-decreasing pattern with 
respect to the CGR rates. As the CGR rates increase to 8.96 kg m−2, the emergence values in 
the TOP treatment decrease to relatively small values. In the MIX treatments, except for 
Canada wild-rye in the loam, the emergence rates follow a gradually decreasing pattern as 
CGR rates increase, with some fluctuations, such as the Canada wild-rye in both soil 
textures. The 60-day biomass results, shown in Figs. 3.3 and 3.4, follow similar patterns as 
discussed in the emergence results, except for the 60-day biomass values of MIX treatments 
for Canada wild-rye in the loam soil, which follows an increasing-decreasing pattern. The 
increasing-decreasing pattern is not presented for Wild bergamot for the TOP treatments in 
both soils, due to the low seedling emergence rate and biomass values. In general, the 
application method can lead to some differences in the plant responses to CGR application. 
Possible reasons are that in the MIX treatments, the CGR induced soil chemical properties 
changes can be a major factor that influences plant growth; while in the TOP treatments, 
CGR expresses its effects not only by altering the soil chemical properties but also by 
forming a thick massive (i.e., non-structured layer) on the soil surface, which increases the 
penetration resistance for seedling emergence. 
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Soil pH and EC 
 
Figure 3.5  The variations of pH and electrical conductivity values with respect to CGR 
treatments and applications methods (TOP or MIX). The results of multiple comparisons are 
shown. 
 
The boxplots of soil pH and EC are shown in Fig. 3.5. The mean values of soil pH 
and EC under the CGR application rates and application methods are indicated with yellow 
diamonds. As the CGR rates increase, the soil pH and EC values increase as expected. The 
soil pH and EC of the TOP-UL are larger than the values in the TOP-LL, and the differences 
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of the pH and EC values between the two layers increase with respect to CGR rates. That 
illustrates the effects of the main factor of depth and the interaction between depth and CGR 
rates, since the deeper the soil layer, the smaller the effects of the top applied CGR. Except 
for the pH results for loam, the pH and EC values in TOP-UL are very similar to the values 
in the MIX treatments, where the EC values in MIX or TOP-UL increase linearly with 
respect to CGR rates, while the pH values in MIX or TOP-UL follow logarithmic increasing 
patterns (the CGR rates in x-axis are spaced with equal distance). Since pH values represent 
the − log(H+) concentration, the logarithmic increasing patterns of pH also present a linear 
response of soil H+ concentrations to the CGR applications. Plant species can partially 
regulate soil pH and EC. However, the differences of soil pH and EC values among the 4 
plant species are much smaller than the differences caused by CGR.  
Summary 
A greenhouse experiment was performed to investigate the effects of concrete 
grinding residue (CGR) slurry on seedling emergence and early stage biomass for 4 plant 
species, i.e., Indian grass, Partridge pea, Canada wild-rye and Wild bergamot. Four CGR 
rates, i.e., 0, 2.24, 4.48 and 8.96 kg m−2, were uniformly mixed with soil (MIX) or top 
applied (TOP) to loam and sandy loam soil samples. The seedling emergence and 60-day 
aboveground plant biomass values were measured. ANOVA was used to analyze the seedling 
emergence and the 60-day biomass, and the results indicated that the emergence and biomass 
were significantly influenced by CGR in the loam; while for sandy loam, plant species and 
applications method were the major factors that altered the plant emergence and biomass. 
Multiple comparisons indicated that the CGR impacts on emergence and biomass were 
smaller than the influences due to the plant species, while based on the analysis of relative 
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emergence rates (E0/G0), the 4 plant species responded to CGR applications in a similar way. 
Soil EC and H+ concentration present linear increasing patterns with respect to CGR rates 
and the EC and pH values within shallow and deep soil layers respond to CGR applications 
with different magnitudes. In conclusion, effects of CGR on seedling emergence and early 
stage biomass were not significant, and the selected plant species emerged and grew 
normally during the early growth stage with CGR applications up to 8.96 kg m−2. 
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CHAPTER 4.    THE INFLUENCE OF CONCRETE GRINDING RESIDUE ON SOIL 
PHYSICAL PROPERTIES AND PLANT GROWTH 
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Bora Cetin, Halil Ceylan, Robert Horton 
A paper submitted to Journal of Environmental Quality 
Abstract 
Diamond grinding can improve ride quality and longevity of concrete pavement 
systems. Concrete grinding residue (CGR) is a byproduct of diamond grinding. While CGR 
deposited along roadsides can affect soil chemical properties, studies on CGR influences on 
soil physical properties and plant growth are limited. The objectives of this study are to 
perform a controlled field experiment to determine the impacts of CGR on selected soil 
physical properties: bulk density (ρb), saturated hydraulic conductivity (Ks) and water 
infiltrability (It); and on the aboveground plant biomass and plant coverage. CGR was 
applied at four rates: 0, 2.24, 4.48, and 8.96 kg m
-2
. Four field measurements were 
performed, including before the CGR application and one month, seven months and twelve 
months after the CGR application. ρb was stable for 0, 2.24 and 4.48 kg m
-2
 treatments, but ρb 
in the 8.96 kg m
-2
 treatment were relatively small. Ks values with CGR were 6-30% smaller 
than the control treatment values at the twelve-month measurement. CGR caused a 20-30% 
decrease for some It values, especially at the seven-month measurement. 2.24 kg m
-2
 CGR 
promoted plant biomass by 10-40%, while 8.96 kg m
-2
 CGR reduced plant biomass by 10%. 
However, those differences were not statistically significant. CGR did not cause significant 
effects on plant community properties, including coverage, richness, Simpson’s diversity and 
Simpson’s evenness. In conclusion, CGR caused no statistically significant effects on soil  
 
42 
physical properties and plant growth, and no major local environmental concerns were 
observed for CGR applications up to 8.96 kg m
-2
. 
Introduction 
Diamond grinding is a commonly used technique for road-surface smoothing (Neal 
and Woodstrom, 1976; Rao et al., 1999), which is intended to improve vehicle ride quality, 
reduce road noise, enhance surface texture and skid resistance, and extend road service life 
(Mosher, 1985; ACPA, 1990; DeFrain, 1989). For diamond grinding, a thin layer of concrete 
is removed from the road surface using closely spaced diamond saw blades, creating a 
surface with longitudinal texture at a pre-specified level. Compared to traditional road 
maintenance techniques, diamond grinding is cost-effective and time-effective, with 
relatively small interruption to traffic (Pierce, 1995; McGovern, 1995; Rao et al., 1999). 
During diamond grinding, concrete particles from the saw blades was flushed by 
water. The resulting mixture of water and concrete particles is collected through suctioning, 
which is known as concrete grinding residue (CGR). CGR is a slurry-type material of 
relatively high pH and alkalinity, and with particles generally of silt size or finer (Goodwin 
and Roshek, 1992; Druschel et al., 2012). In some states, CGR is collected and transported to 
specific containment ponds (Caltrans, 2010), or reused as building materials (Goodwin and 
Roshek, 1992). However, states in the US Midwest region allow direct deposition of CGR 
along roadsides, which is a potential environmental risk to roadside soils, to plants growing 
along the road shoulder and to water in roadside ditches (Wingeyer et al., 2018; Druschel et 
al., 2012). Thus, there is a need to investigate CGR characteristics and the effects of land 
deposited CGR on roadside environments.  
CGR has been investigated at a few locations, with a focus on its chemical properties. 
The pH of CGR has been reported to range from 9.0 to 12.5 at multiple sampling locations 
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across the US (DeSutter et al., 2011a; Wingeyer et al., 2018; Goodwin and Roshek, 1992; 
Young and Shanmugam, 2005; Hanson et al., 2010). Wingeyer et al. (2018) reported that the 
effective calcium carbonate equivalent values of CGR were up to 28.1% for samples in 
Nebraska, with K, Na, Mg and Ca found to be the most abundant cations (DeSutter et al., 
2011a). Although leachate from CGR was expected to be of moderate to high toxicity, recent 
research has reported that concentrations of toxic elements, such as As, Ba, Cd, Cr, Cu, Hg, 
Pb, Se and Zn in CGR were either below the limits based on the 40 CER 261 standard or 
below detection levels, or even smaller than the background values of roadside soils 
(Caltrans, 1997; DeSutter et al., 2011a; Wingeyer et al., 2018). Concentrations of Al, Fe, SO4 
and NO3/NO2 in CGR exceeded the California drinking water standard (Caltrans, 1997). 
Organic toxic compounds, such as benzene, toluene, ethylbenzene and xylene had in 
concentrations either below detection levels or below the California drinking water standard. 
Caltrans (1997) reported that concentrations of oil, grease, and total petroleum hydrocarbon 
in their samples were just above the detection levels and did not reach hazardous levels. 
DeSutter et al. (2011a) reported that all 16 selected polynuclear aromatic hydrocarbons were 
not detected in CGR based on USEPA Method 8270C. Thus, CGR displayed either very 
limited or no hazardous characteristics with respect to its inorganic and organic constituents.  
Investigations showed that soil chemical responses to CGR were quite consistent. 
While CGR deposited on soil led to immediate increases in pH values (Young and 
Shanmugam, 2005; Wingeyer et al., 2018), the initially elevated pH values decreased with 
respect to time (Wingeyer et al., 2018). Soil electrical conductivity (EC) and concentrations 
of K, Na, Mg and Ca were initially affected by CGR slurry application, but such effects were 
eliminated after a one-year period (Wingeyer et al., 2018). Concentrations of heavy metals, 
44 
such as Pb, Cu, Zn and Cd in CGR-affected areas were not significantly different from soil 
background values (Young and Shanmugam, 2005). CGR could also affect soil physical 
properties, especially the hydraulic properties. However, such effects have not been fully 
studied, and reported results, such as the infiltration results by DeSutter et al. (2011a), were 
not directly from field measurements. In addition, the physical effects of CGR might 
manifest over a period of time, due to the slow redistribution of CGR particles within soil 
profiles. Thus, there is a need for further investigation of the CGR impacts on soil physical 
properties.  
CGR deposits can lead to secondary effects on roadside plant growth, due to its 
effects on soil physical and chemical properties. Plant tissue has a buffering capacity for 
leveraging the instantaneous influences of CGR on soil, so it may take a growing season 
before CGR effects are observed. Wingeyer et al. (2018) reported some effects of CGR on 
roadside plant biomass, while DeSutter et al. (2011b) used a greenhouse experiment to 
analyze the influence of various CGR deposit rates on seeding emergence and early stage 
plant growth. Because factors, such as topographic features and plant species, may also 
impact the results, there exists a need to gain further understanding of CGR impacts on plant 
growth.  
The objectives of this study are to perform a controlled CGR field experiment and 
determine the impacts of CGR on (1) selected soil physical properties, such as the soil bulk 
density (𝜌𝑏), saturated hydraulic conductivity (𝐾𝑠) and soil water infiltrability (𝐼𝑡) and (2) on 
aboveground plant biomass and plant coverage for individual species.  
Methods and Materials 
The CGR used in this study was obtained from a diamond grinding project located at 
6078-6216 McAndrews Road, in Apple Valley, Minnesota. Approximately 500 L of CGR 
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were collected and transported to Iowa for use in a controlled field experiment. The average 
gravimetric water content (𝜃𝑚) of the CGR was 0.54 g g
−1. The controlled field experiment 
was performed at the Kelly Farm research site, at 1119-1149 XL Ave., Boone County, Iowa 
(42o02′ N, 93o42′ W), on Clarion loam soil (Fine-loamy, mixed, superactive, mesic Typic 
Hapludoll). The particle size distributions of both CGR and Clarion loam soil are shown in 
Table 4.1. 
Table 4.1 Particle size distribution of soil and CGR 
 
 
 
 
A reconstructed prairie, including cool-season grasses, warm-season grasses, 
leguminous forbs, and non-leguminous forbs, existed at the research site since 2013. The 
prairie was mowed to a height of 30 cm before CGR was applied, establishing a 
homogeneous initial plant biomass prior to the field experiment and simplifying the 
application of CGR to the soil surface. The research site was divided into sixteen square 
plots, each with an area of 4 m2. The buffer space between adjacent plots was 2 m, with 4 m 
margins at the outer edges of the research site. CGR slurry was applied at four rates in Oct. 
2016, with four replications at each rate, i.e., A = 0; B = 2.24 kg m−2(10 tons acre⁄ ); 
C = 4.48 kg m−2(20 tons acre⁄ ); D = 8.96 kg m−2(40 tons acre⁄ ), based on the dry mass 
of CGR. A randomized complete block (RCBD) design was used in this study (Fig. 1). Field 
measurements of 𝜌𝑏, 𝐾𝑠, 𝐼𝑡, and plant biomass were performed four times: Oct. 2016 (before 
the CGR application), Nov. 2016 (one month after CGR application), May 2017 (seven 
Particle Size Soil CGR 
Sand (2 mm to 0.05 mm) 50% 39% 
Coarse Silt (0.05 mm to 0.02 mm) 17% 15% 
Fine Silt (0.02 mm to 0.002 mm) 14% 38% 
Clay (< 0.002 mm) 19% 8% 
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months after CGR application) and Oct. 2017 (twelve months after CGR application). Plant 
coverage measurements were performed before (in 2016), and after the CGR application (in 
2017 and 2018). 
 
Figure 4.1  The RCBD design and treatment assignment in the controlled field experiment. 
Four blocks are indicated in this figure. The plot layout in the diagram is not drawn to scale. 
 
For the 𝜌𝑏 and 𝐾𝑠 measurements, three 7.62 cm diameter by 7.62 cm height 
aluminum cylinders were used to obtain undisturbed soil core samples from the soil surface 
layer from each field plot. The upper and lower surfaces of each sample were trimmed and 
marked. For 𝐾𝑠 measurements, the soil core samples were saturated in a vacuum chamber 
with a 5 mmol L−1 CaCl2 solution. Samples representing each CGR rate were saturated 
separately. After saturation, a ponded depth of the CaCl2 solution was established and 
maintained on the upper surface of each sample using a Mariotte bottle, and the water 
outflow rate from the lower surface of each sample was measured. When the flux rate had 
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become steady, 𝐾𝑠 was determined using Darcy’s equation. After determining 𝐾𝑠, soil core 
samples were transferred to aluminum cans and oven-dried at 105 ℃ until constant mass was 
achieved. The dry mass of each soil sample was used to calculate 𝜌𝑏. 
A Cornell Sprinkle Infiltrometer was used to measure field soil water infiltrability 
(van Es, 1993; Ogden et al., 1997). The Cornell Sprinkle Infiltrometer included a portable 
rainfall simulator placed on a 24.1 cm diameter aluminum infiltration ring. The infiltration 
ring was inserted vertically into the soil surface at each field plot. Plants and residue in the 
infiltration ring were allowed, but plant height was below the upper edge of the infiltration 
ring. A plastic tube was connected to a hole on the side of the infiltration ring at the level of 
the soil surface to collect the runoff. The rainfall rate was set at about 0.015 cm s−1 before 
each measurement. Under a simulated steady rainfall, both infiltration and surface runoff 
occurred within the infiltration ring. The time when the runoff started and the runoff rates 
were recorded. After the runoff had reached a steady value, the infiltration rate, calculated as 
the difference between rainfall rate and runoff rate, also had reached a steady value. The 
steady infiltration rates per unit area were taken as the 𝐼𝑡 values of the soil for the pre-
specified rainfall rate. 
A 20 cm by 50 cm quadrat was selected in each field plot to determine the 
aboveground plant biomass. The aboveground part of the green vegetation was clipped and 
stored in paper bags. Dead plant residue from previous years was not included. The biomass 
samples were oven-dried at 65 ℃ for four days (García et al., 1993), and the oven-dried 
biomass values were measured. To evaluate the plant coverage percentage, a 50 cm by 100 
cm quadrat was selected as a sampling area within each plot. The percentages of spatial 
coverage for each plant species were estimated using seven different scales: 0-1%; 1-5%; 5-
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25%; 25-50%; 50-75%; 75-95% or 95-100%. And the midpoint of each scale was used to 
represent the plant coverage of individual species (Bonham, 1989). For each CGR rate, 
coverage percentages of each plant species were averaged over the four replications. Plant 
species were then partitioned by functional groups (cool-season grasses, warm-season 
grasses, leguminous forbs and non-leguminous forbs) to evaluate the impact of CGR on plant 
community with different functionalities.   
Analysis of variance (ANOVA) models were used to process the measured data and 
determine whether the CGR slurry application significantly influenced soils and plants. In the 
RCBD design, the following linear model was applied, 
𝑦 = 𝑇𝑟 + 𝐵𝑙 + 𝜀 
(1) 
where 𝑇𝑟 represented the effects induced by CGR,  𝐵𝑙 was the block effect, 𝜀 was the random 
error, and 𝑦 represented the measured values. In background measurements before the CGR 
application, there were no active treatment effects, so the 𝑇𝑟 term was omitted. Because 𝐾𝑠 
and 𝐼𝑡 followed lognormal distributions (Jabro, 1992; Kosugi, 1996; Smith and Hebbert, 
1979), a logarithmic transformation was applied to the 𝐾𝑠 and 𝐼𝑡 data before the ANOVA 
analyses. For plant coverage analysis, we first determined plant coverage for individual 
functional groups in each treatment, and calculated the plant community properties, including 
plant coverage, species richness, Simpson’s diversity and Simpson’s evenness (Kordbacheh 
et al., 2018). ANOVA models were investigated based on these quantities. 
In addition to the ANOVA analysis for individual properties, an inclusive comparison 
taking into account all of the measurement quantities is necessary to evaluate the collective 
effects of CGR on soil and plant. A principal component analysis (PCA) can linearly 
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transform the measured results into several statistically independent principal components. 
Through the PCA, useful information is concentrated in the first and second principal 
components, representing most of the variation in the measured results. In this study, PCA is 
performed for all of the 𝜌𝑏, 𝐾𝑠, 𝐼𝑡 and biomass results measured after the CGR application. 
Results and Discussion 
Results of Plant Coverage 
The covering percentage and species richness are shown in Fig. 4.2-ab for each 
functional group, while the Simpson’s diversity and evenness are shown in Fig. 4.2-cd for the 
entire plant community. The error bars represent ± one standard deviation. An ANOVA 
analysis was performed for the four plant community properties. For the background 
measurements, only the block effects were included. For the measurements in 2017 and 
2018, CGR rate and block factors were included, but the p-values represented the CGR 
treatments. For the covering percentage and species richness, the spatial distribution of each 
functional group was homogeneous, with p-values for block factor greater than 0.3; the CGR 
effects on covering percentage and species richness of each functional group were not 
statistically significant, with p-values greater than 0.5 in general. Detailed p-values were 
omitted here. The ANOVA results for the Simpson’s diversity indices were similar to the 
results for covering percentage and species richness, with mean values of 1.51, 1.63, 1.56 and 
1.56 for the 0, 2.24, 4.48 and 8.96 kg m−2 CGR treatments, respectively. In contrast, for the 
measurement in 2018, a significant difference was observed in the Simpson’s evenness 
results, and the smallest values occurred in the 4.48 kg m−2 treatment. However, based on 
the absolute difference of Simpson’s evenness across different CGR treatments and the mean 
results shown in Fig. 4.2-d, the CGR effects on the Simpson’s evenness were not consistent, 
i.e., not constantly increasing or decreasing with respect to CGR rates.  
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Figure 4.2  The covering percentages (a) for each functional group, the species richness (b) 
for each functional group, and the Simpson’s diversity indices (c) and Simpson’s evenness 
indices (d) for the entire plant community within each treatment and year of the experiment. 
The error bars represent the ± one standard deviation, and the ANOVA results of the 
comparison of treatments within each year are presented for Simpson’s diversity indices and 
Simpson’s evenness indices. 
 
In order to investigate the species variation, a species rank-abundance diagram for 
2018 measurements among all the CGR treatments is provided (Fig. 4.3). The relatively low 
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evenness value in the 4.48 kg m−2 treatment was due to dramatic decreases of Taraxacum 
officinale, shown in the blue box; the purple box indicated that some species declined under 
relatively high CGR rates, such as Avena fatua, Conyza canadensis and Chamaecrista 
fasciculate. Thus, CGR induced some negative effects on specific species. The dramatic 
decreasing pattern of Taraxacum officinale was not shown at higher CGR rates, i.e., the 8.96 
kg m−2 CGR treatments. Thus, the relatively small value to Simpson’s evenness in the 4.48 
kg m−2 CGR treatments was likely a random event. Based on the comparison of the coverage 
for each species, it was also possible to identify some species that were not influenced by 
CGR, such as Solidago canadensis and Helianthus grosseserratus; some species that were 
not influenced at low CGR rate, i.e., 2.24 kg m−2, such as Zizia aurea and Taraxacum 
officinale; and some species that declined in response to CGR, such as Vitis riparia. The 
differences in covering percentages or species richness for the four functional groups with 
respect to years could be due to the seasonality factors, which did not directly represent the 
effects caused by CGR application. In general, the CGR application did not lead to 
significant effects on plant coverage. 
 
Figure 4.3 The species rank-abundance diagram for the 4.48 𝑘𝑔 𝑚−2 CGR treatment in 
2018. 
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Results of 𝝆𝒃, 𝑲𝒔, 𝑰𝒕 and Aboveground Biomass 
Table 4.2 presents the mean values of 𝜌𝑏, 𝐾𝑠, 𝐼𝑡 and aboveground biomass for the four 
CGR rates in the controlled field experiment. The variances contributed by CGR rates and 
blocks were separated and estimated in the ANOVA. The block variances were used to 
eliminate the spatial effects on the results, and the CGR variances were represented as p-
values in Table 4.2. Since the background values were measured before CGR application, the 
p-values for background results represented block factor 𝐵𝑙. Based on these results, the 
background values in the research plots did not differ significantly, reflecting the 
homogeneity of soil properties and plants at the research site, and CGR had no statistically 
significant influences on the soil physical properties or the plant biomass during the twelve-
month experimental period. 
Table 4.2 The ANOVA results of the controlled field experiment 
 ρb (g cm
-3
) Ks (cm s
-1
) 
Treatment (kg m
-2
) 0 2.24 4.48 8.96 p-value 0 2.24 4.48 8.96 p-value 
Background Oct-2016 1.24 1.21 1.25 1.26 0.66
b
 0.0509 0.0220 0.0384 0.0317 0.19
b
 
One-Month Nov-2016 1.25 1.33 1.25 1.19 0.11 0.0608 0.0577 0.0378 0.0368 0.09 
Seven-Month May-2017 1.33 1.32 1.31 1.27 0.41 0.0356 0.0272 0.0337 0.0288 0.60 
Twelve-Month Oct-2017 1.26 1.27 1.26 1.21 0.09 0.0310 0.0297 0.0204 0.01912 0.20 
 It (cm s
-1
) Biomass (g) 
Treatment (kg m
-2
) 0 2.24 4.48 8.96 p-value 0 2.24 4.48 8.96 p-value 
Background Oct-2016 0.0081 0.0069 0.0070 0.0074 0.80
b
 61 68 70 60 0.48
b
 
One-Month Nov-2016 0.0056 0.0070 0.0069 0.0072 0.33 35 47 45 39 0.55 
Seven-Month May-2017 0.0105 0.0087 0.0088 0.0075 0.11 47 54 38 42 0.48 
Twelve-Month Oct-2017 0.0098 0.0093 0.0093 0.0096 0.95 73 100 85 65 0.36 
The p-values marked with 
b
 are with respect to the block factor. The p-values without 
b
 
indicate the CGR effects. 
 
Figure 4.4 presents a comparison of 𝜌𝑏, 𝐾𝑠, 𝐼𝑡 and aboveground biomass values with 
respect to time among the four CGR treatments. The data are grouped based on their 
measurement times, with colors indicating the four CGR rates. Thus, each box represents 
measured values for one CGR rate at a specific measurement time. The center red line within 
each box represents the median value, while the red diamond represents the mean value. For 
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each box, the upper and lower edges represent 25% and 75% percentiles, while the error 
bars/whiskers represent 95% confidence intervals. An example is shown in Fig. 4.4-a. For 𝐾𝑠 
and 𝐼𝑡, the box plots are presented in log-scales. The box plots also serve as a simple 
verification of the data normality, since the median and mean values are similar, and the box 
edges are nearly symmetrical about the median values in general. The box plots also provide 
a simple visualization of the ANOVA analysis, where for each measurement the mean values 
for one CGR rate are within the 95% confidence intervals of the mean values for the other 
CGR rates.  
The bulk density (𝜌𝑏) values are shown in Fig. 4.4-a. Except for the 8.96 kg m
−2 
treatment, 𝜌𝑏 was relatively stable over the CGR rates for the entire experiment period. The 
coefficients of variation for 𝜌𝑏, i.e., the standard deviation divided by the mean 𝜌𝑏, among 
the CGR rates were as low as 0.05. For each CGR rate, the range of the mean 𝜌𝑏 values, i.e., 
the difference between the maximum value and the minimum value of mean 𝜌𝑏 during the 
twelve-month period, did not exceed 0.08 g cm−3 (usually it was < 0.04 g cm−3). The 𝜌𝑏 
values for the 8.96 kg m−2 CGR treatment tended to be relatively low, causing the p-values 
to be as low as 0.11 for the one-month measurements and 0.09 for the twelve-month 
measurements, approaching the significance level. One possible reason was that, for the 
8.96 kg m−2 treatment, the top 0.5 to 1 cm of the surface soil samples consisted of light-
colored CGR solids with lower density than the bulk soil, and such a CGR solid layer could 
alter the 𝜌𝑏 values of the soil sample. However, for the samples with lower CGR rates, no 
thick CGR solid layers occurred on the sample surfaces, and the 𝜌𝑏 values were similar to 
those obtained from the controlled treatment. 
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Figure 4.4 The measured 𝜌𝑏, 𝐾𝑠, 𝐼𝑡 and aboveground biomass values, with 25% and 75% 
percentiles, 95% confidence intervals (error bar/whiskers), with mean values and median 
values signified. 
 
The comparison of 𝐾𝑠 values among the four CGR rates is shown in log-scales in Fig. 
4.4-b. Although the measured 𝐾𝑠 data exhibited non-significant differences among the four 
CGR rates for each measurement time, some trends could be observed in the time domain. At 
the three measurement times after CGR application, the 𝐾𝑠 values with CGR tended to be 
smaller than the 𝐾𝑠 values from the control treatment. In the twelve-month measurements, 
the mean 𝐾𝑠 values for the 4.48 kg m
−2 and 8.96 kg m−2 CGR treatments were about 30% 
smaller than the mean 𝐾𝑠 values for the control treatments, and the mean 𝐾𝑠 value for the 
2.24 kg m−2 treatment was slightly smaller than the mean 𝐾𝑠 value for the control treatment. 
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Therefore, although the CGR effects on 𝐾𝑠 values were not statistically significant, some 
potential influences that could possibly decrease soil 𝐾𝑠 values with respect to time were 
indicated.  
A comparison of 𝐼𝑡 values in log-scales among the four CGR rates is shown in Fig. 
4.4-c. For the one-month measurement, mean 𝐼𝑡 values of CGR treatments were larger than 
the mean value in the control treatment; while for the seven-month measurements, the mean 
𝐼𝑡 values of CGR treatments were smaller than the mean value for the control treatment. 
Especially for the 8.96 kg m−2 CGR treatment, the mean 𝐼𝑡 value was about 30% smaller 
than the corresponding control treatment result. In the twelve-month measurements, the 
differences in the mean 𝐼𝑡 values between the CGR treatments and the control treatment were 
smaller than the differences that occurred in the seven-month measurements. Thus, after the 
CGR applications, the mean 𝐼𝑡 values for CGR treatments were not uniformly smaller than 
the corresponding mean values for the control treatment, and the differences between the 
mean values in CGR treatments and in the control treatment values did not follow a specific 
pattern.  
Figure 4.4-d presents plant biomass values. Due to seasonal effects, biomass values 
decreased from Oct. 2016 to Nov. 2016 and increased from May 2017 to Oct. 2017. Focus 
was placed on results from the two field measurements in 2017, because they represented 
plant growth during a new growing season following the CGR application. Although the 
differences in biomass among the treatments were not statistically significant, there were 
some potential trends. The plant biomass for the 2.24 kg m−2 CGR rate had the largest 
values compared to the other treatments, with biomass values 15% and 38% larger than the 
corresponding values from the control treatment. However, the biomass for the larger CGR 
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rates was relatively small. The smallest biomass in May 2017 occurred in the 4.48 kg m−2 
treatment and was 19% smaller than the control treatment value. In Oct. 2017, the smallest 
biomass value was obtained from the 8.96 kg m−2 CGR treatment, 10% smaller than the 
control treatment value. The results indicated that a small amount of CGR appeared to 
promote plant growth, possibly because CGR could supply inorganic nutrients to plant or 
regulate soil pH or EC values. However, a relatively large amount of CGR could inhibit plant 
growth. Such results were similar to findings reported by DeSutter et al. (2011b), based on a 
greenhouse study.  
PCA of 𝝆𝒃, 𝑲𝒔, 𝑰𝒕 and Aboveground Biomass 
In previous sections, we discussed the results of 𝜌𝑏, 𝐾𝑠, 𝐼𝑡 and the aboveground 
biomass for the four CGR rates individually. Along with 𝜌𝑏 and 𝐼𝑡, CGR may potentially 
affect 𝐾𝑠 and aboveground biomass under specific application rates. This section presents the 
PCA results including 𝜌𝑏, 𝐾𝑠, 𝐼𝑡 and the aboveground biomass, which provides a collective 
evaluation of CGR effects on soil and plant. A diagram of the first and the second principal 
components is shown in Fig. 4.5, which explains 42% and 27% of the data variation, 
respectively. In Fig. 4.5, the data points from the four CGR treatments are mixed 
homogeneously. The shaded elliptic areas, representing the 95% confidence regions, are 
overlapping. An ANOVA analysis indicates that the p-value of the first principal component 
is 0.79, and the p-value of the second principal component is 0.05, equal to the significant 
level. The small p-value for the second principal component is because (1) 𝜌𝑏 contributed 
strongly to the second principal component due to the small variation of 𝜌𝑏 values for the 0, 
2.24 and 4.48 kg m−2 treatments; and (2) the p-values of 𝜌𝑏 are small because 𝜌𝑏 achieved 
relatively small values for the 8.96 kg m−2 treatment. 𝐾𝑠, 𝐼𝑡 and the aboveground biomass 
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contribute equally to the first principal component, indicating that they are the principal 
dynamic features under the influence of CGR. PCA provides a way to compare all of the 
features inclusively. Although the p-value for the second principal component is at the 
significant level, it does not necessarily indicate a difference among the four CGR treatments 
based on the previous discussion of 𝜌𝑏. The PCA results, especially those related to the first 
principal component, reflect no overall differences in soil physical properties and plant 
biomass among the four CGR treatments. 
 
 
Figure 4.5 The principal component analysis (PCA) of the soil physical properties and plant 
biomass at the Kelly Farm. The percentage of variation that each principal component 
explains is indicated. 
 
A Comparison of 𝑲𝒔 and 𝑰𝒕 
In this study, both field 𝐼𝑡 and laboratory 𝐾𝑠 measurements are determined, providing 
an opportunity to compare 𝐼𝑡 and 𝐾𝑠 results among the four CGR rates. Figure 4.6-# shows 
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𝐾𝑠 values versus 𝐼𝑡 values in log-scales. The data are from the measurements performed after 
the CGR application. The shaded elliptic areas represent the 95% confidence regions among 
the four CGR treatments, and the two yellow dashed lines indicate the directions of the two 
perpendicular principal components (a) and (b). The marginal distributions along (a) and (b) 
are presented in Fig. 4.6-a and b. Principal direction (a) indicates the sequential variations of 
log(𝐾𝑠) and log(𝐼𝑡) with respect to the CGR rates, with the modes of the four fitted 
distributions decreasing with respect to CGR rates, indicating that CGR has a potential to 
reduce the soil water flux. Principal direction (b) indicates external influences in addition to 
the CGR rates, e.g., surface roughness and plant residues. The four fitted distributions in Fig. 
4.6-b have similar modes, but their variations are much wider than those in Fig. 4.6-a., 
indicating that external factors can be sufficiently influential to cover the effects due to the 
CGR application, especially in the field measurements.  
In this study, 𝐼𝑡 values are measured in the field, where plant residue and soil surface 
topography can affect the results; while 𝐾𝑠 values are determined from laboratory 
measurements on saturated soil core samples, where the soil surface is flat with trimmed off 
the plant roots. Thus, due to the differences in the sample size and the measurement 
techniques, some inconsistency in results is expected for field and laboratory soil hydraulic 
property measurements. 
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Figure 4.6 The relationship between log 𝑲𝒔 and log 𝑰𝒕 (#), as well as the marginal 
distributions along two principal directions (a) and (b). 
 
 Summary  
A controlled field experiment was performed to investigate the influence of concrete 
grinding residue (CGR) slurry on soil physical properties and plant growth. Four CGR rates: 
60 
0, 2.24, 4.48 and 8.96 kg m−2, were applied to 16 field plots, following a randomized 
complete block (RCBD) design. Soil bulk density (𝜌𝑏), saturated hydraulic conductivity (𝐾𝑠), 
soil water infiltrability (𝐼𝑡), aboveground plant biomass and the plant coverage were 
measured. ANOVA tests indicated that the effects of CGR slurry on soil physical properties 
were not statistically significant. 𝜌𝑏 was a relatively stable property with respect to CGR 
applications for the 2.24 and 4.48 kg m−2 treatments and reached relatively low values for 
the 8.96 kg m−2 treatment. 𝐾𝑠 values tended to decrease as CGR rates increased. 𝐼𝑡 values 
varied among the four measurements, but there was no consistent CGR effect. CGR did not 
significantly influence plant biomass. However, small amounts of CGR tended to promote 
plant growth and large amounts of CGR tended to impede plant growth. In general, CGR did 
not lead to significant influences on plant coverage based on the comparison of species 
richness, Simpson’s diversity and Simpson’s evenness values. In conclusion, based on the 
results of this study, CGR did not lead to statistically significant effects on soil physical 
properties and plant growth, and the application of CGR up to 8.96 kg m
-2
 did not induce any 
local environmental risks.  
Acknowledgement 
This work was supported by the Minnesota Department of Transportation (MnDOT), 
the Minnesota Local Road Research Board (LRRB), Multi-State Project 3188, Iowa State 
University Department of Agronomy, the Hatch Act, and State of Iowa funds. The authors 
thank the technical advisory panel (TAP) members from the MnDOT, the Federal Highway 
Administration (FHWA), and the Minnesota Pollution Control Agency. 
 
61 
References 
ACPA. 1997. The concrete pavement restoration guide – procedures for preserving concrete 
pavements. Technical Bulletin TB020P, American Concrete Pavement Association, 
Skokie, IL. 
Bonham, C.D. 1989. Measurements for Terrestrial Vegetation. New York: John Wiley & 
Sons. 
Caltrans. 2010. Standard Specifications. State of California. Business, Transportation and 
Housing Agency. Department of Transportation. Document available at 
http://www.dot.ca.gov/hq/esc/oe/construction_contract_standards/std_specs/2010_StdS
pecs/2010_StdSpecs.pdf. 
Caltrans. 1997. Concrete grinding residue characterization. California Department of 
Transportation, District 11, Task Order No.8. Available at: 
 http://7e846f23de4e383b6c49-
2fba395bb8418a9dd2da8ca9d66e382f.r19.cf1.rackcdn.com/uploads/resource/192/Conc
rete_Grinding_Residue_Characterization_1997.pdf. 
Chang, C and Lin, C. 2011. LIBSVM: a library for support vector machines. ACM T Intel. 
Syst. Tec. 2:27:1--27:27. Software available at 
http://www.csie.ntu.edu.tw/~cjlin/libsvm. 
Defrain, L. 1989. Noise analysis of ground surface on I-69 WB near Lowell Road C.S. 
19043. Research Project 88 TI-1342, Office Memorandum, Michigan Department of 
Transportation, Lansing, MI. 
DeSutter, T., Prunty, L. and Bell, J. 2011a. Concrete grinding residue characterization and 
influence on infiltration. J. Environ. Qual. 40:242-247. doi:10.2134/jeq2010.0278. 
DeSutter, T., Goosen-Alix, P., Prunty, L., White, P. J. and Casey, F. 2011b. Smooth brome 
(Bromus inermis Leyss) and soil chemical response to concrete grinding residue 
application. Water Air Soil Poll. 222:195-204. doi:https://doi.org/10.1007/s11270-011-
0816-7. 
Druschel, S. J., Roue, L. and Wasserman, B. 2012. Concrete slurry, wash and loss water 
mitigation. (No. MN/RC 2012-21). 
García, L. V., Maranón, T., Moreno, A. and Clemente, L. 1993. Above-ground biomass and 
species richness in a Mediterranean salt marsh. J. Veg. Sci. 4:417–424. doi: 
10.2307/3235601. 
Goodwin, S. and Roshek, M. W. 1992. Recycling Project: Concrete Grinding Residue. 
Transportation Research Record 1345: 101-105. 
Hanson, E. M., Connolly, N. J. and Janssen, D. J. 2010. Evaluating and optimizing recycled 
concrete fines in pcc mixtures containing supplementary cementitious materials. Final 
62 
Report. Transportation Northwest (TransNow) Regional University, Transportation 
Center. 
Jabro, J. 1992. Estimation of saturated hydraulic conductivity of soils from particle size 
distribution and bulk density data. Trans. ASAE. 35:557-
560. doi:10.13031/2013.28633. 
Kordbacheh, F., Jarchow, M., English, L. and Liebman, M. 2018. Productivity and diversity 
of annually harvested reconstructed prairie communities. J. Appl. Ecol. 00:1-13. doi: 
10.1111/1365-2664.13267. 
Kosugi, K. 1996. Lognormal distribution model for unsaturated soil hydraulic 
properties. Water Resour. Res. 32:2697–2703. doi:10.1029/96WR01776. 
Kutilek, M. 1980. Constant rainfall infiltration. J. Hydrol. 45:289-303. 
doi:https://doi.org/10.1016/0022-1694(80)90025-6. 
McGovern, M. S. 1995. CPR breathes new life into North Carolina pavement. Concrete 
Repair  Digest. The Aberdeen Group, Addison, IL. 
Minasny, B. and Cook, F. 2011. Sorptivity of Soils. Springer, Dordrecht. 
doi:https://doi.org/10.1007/978-90-481-3585-1. 
Mosher, L. G. 1985. Restoration of final surface to concrete pavement by diamond grinding. 
Third International Conference on Concrete Pavement Design and Rehabilitation, 
Purdue University, West Lafayette, IN. 
Neal, B. F. and Woodstrom, J. H. 1976. Rehabilitation of faulted pavements by grinding, 
Report No. CA-DOT-TL-5167-4-76-18, California Department of Transportation, 
Sacramento, CA. 
Ogden, C. B., van Es, H. M and Schindelbeck, R. R. 1997. Miniature rain simulator for 
measurement of infiltration and runoff. Soil Sci. Soc. Am. J. 61:1041-1043. 
doi:10.2136/sssaj1997.03615995006100040008x. 
Philip, J. R. 1954. An infiltration equation with physical significance. Soil Sci. 77:153-158.  
Pierce, L. M. 1995. Portland cement concrete pavement rehabilitation in Washington State: 
case study. Transportation Research Record 1449, Transportation Research Board, 
Washington, D. C. 
Rao, S., Yu, H. T. and Darter, M. I. 1999. The longevity and performance of diamond-
ground pavements. Research and Development Bulletin RD118. Portland Cement 
Association, Skokie, IL. 
Smith, R. E., and Hebbert, R. H. B. 1979. A Monte Carlo Analysis of the hydrologic effects 
of spatial variability of infiltration. Water Resour. Res.15:419–429. 
doi:10.1029/WR015i002p00419. 
63 
van Es, H. M. 1993. Evaluation of temporal, spatial, and tillage-induced variability for 
parameterization of soil infiltration. Geoderma. 60:187-199. 
doi:https://doi.org/10.1016/0016-7061(93)90026-H. 
Wingeyer A, Mamo M, Schacht W, McCallister D and Sutton P. 2018. Vegetation and soil 
responses to concrete grinding residue application on highway roadsides of Eastern 
Nebraska. J. Environ. Qual. 47:554-561. doi: 10.2134/jeq2017.11.0459. 
Yonge, D. and Shanmugam, H. 2005. Assessment and mitigation of potential environmental 
impacts of Portland cement concrete highway grindings (No. WA-RD 628.1). 
Washington State Department of Transportation. 
 
 
 
64 
CHAPTER 5.    GENERAL CONCLUSION 
Diamond grinding is a commonly used technique for smoothing cement concrete 
road-surface, and the byproduct from this operation is known as concrete grinding residue 
(CGR). In this work, the influences of CGR on soil physical properties and plant growth 
were measured in a controlled field experiment, roadside locations and a greenhouse 
experiment. There are several conclusions to report. 
 A preliminary roadside measurement was performed. The CGR effects on soil 
physical properties and plant growth were studied at two highway roadside locations along 
Minnesota I-90 highway. 𝜌𝑏, 𝐾𝑠, 𝐼𝑡 and plant biomass were measured in CGR affected areas 
and non-CGR areas.  A pairwise t-test indicated that CGR significantly impacted the 𝜌𝑏 and 
𝐾𝑠 values at one of two roadside experimental sites. There was no significant difference in 𝐼𝑡 
between the CGR affected areas and the non-CGR areas. The plant biomass values for the 
CGR affected areas tended to be smaller than the values at the non-CGR areas, but the 
differences were not statistically significant. Thus, CGR applications had mixed impacts on 
soil physical properties and no significant impact on plant growth along the roadsides. 
In order to further investigate CGR effects on plant growth, a greenhouse experiment 
was performed. Four plant species were tested in soil samples obtained from soil mapped 
either as loam or sandy loam, under 4 CGR rates 0, 2.24, 4.48 and 8.96 kg m−2 and two 
application methods, i.e., mixed uniformly with soil or placed on the soil surface. Seedling 
emergence and plant biomass were measured in a 60-day experimental period. CGR did not 
significantly influence the seedling emergence or plant biomass. Soil EC and pH values were 
significantly increased because of the CGR application. Based on the greenhouse results risks 
of CGR applications on seedling emergence and early stage plant growth are relatively small. 
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In order to provide a comprehensive investigation of CGR effects on soil physical 
properties and plant growth, a controlled field experiment was performed. Four CGR rates, 
i.e., 0, 2.24, 4.48 and 8.96 kg m−2, were applied to field soil following a RCBD design. Soil 
bulk density (𝜌𝑏), saturated hydraulic conductivity (𝐾𝑠), soil water infiltrability (𝐼𝑡) and plant 
biomass were measured before the CGR application, and one month, seven months and one 
year after the CGR applications. Plant investigations were performed before the CGR 
application, and one months and twenty months after the CGR application. 𝜌𝑏 values were 
relatively stable for the 2.24 and 4.48 kg m−2 treatments and reached relatively low values 
for the 8.96 kg m−2 treatment. Saturated hydraulic conductivity (𝐾𝑠) values tended to 
decrease as CGR rates increased. Soil water infiltrability (𝐼𝑡) values varied among the four 
measurements, but there were no specific patterns regarding to CGR rates. CGR did not 
significantly influence plant biomass. However, small amounts of CGR tended to promote 
plant growth and large amounts of CGR tended to impede plant growth. CGR did not lead to 
significant influences on plant species coverage based on the comparison of species richness, 
Simpson’s diversity and Simpson’s evenness values. Thus, the application of CGR up to 
8.96 kg m
-2
 did not induce any local environmental risks to soil physical properties or plant 
growth. 
Based on this study, the application of CGR did not produce environmental risks to 
soil physical properties and plant growth.  
CGR effects discussed in this work were measured in a limited number of conditions. 
In the future, additional roadside, greenhouse and controlled field experiments can be 
performed under a variety of climate conditions, soil types, CGR sources, and plant species 
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for multiple years to provide a comprehensive evaluation of CGR effects on soil and plant 
properties. 
